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DEVELOPMENT OF EQUILIBRIUM AIR COMPUTER
PROGRAMS SUITABLE FOR NUMERICAL COMPUTATION
USING TIME-DEPENDENT OR SHOCK-CAPTURING METHODS

John C. Tannehill and Robert A. Mohling

INTRODUCTION

This report summarizes the research accomplished under NASA Grant
NGR 16-002-038 for the period November 15, 1971 through March 15, 1972.
During this period, computer programs were developed which compute the
thermodynamic properties of equilibrium air for use in either the '"time-
dependent' or "shock-capturing' computational methods. For the "time-
dependent" method, the NASA-ARC RGAS computer program was modified to
allow internal energy and density to be used as the independent variables.
In addition, simplified curve fits for p = p(e,p), a = a(e,p), and
T = T(p,p) were devised to reduce computer time. For the "shock-capturing"
method a simplified curve fit for h = h(p,p) was made. These approximate
curve fits may be particularly useful when employed on advanced computers
such as the Burrough's ILLIAC IV or the CDC STAR since they avoid the

cumbersome table-lookup feature of the RGAS program.




MODIFICATION OF THE NASA RGAS SUBROUTINE

The NASA Ames Research Center real gas computer program has been
modified to give the user the option of entering with new independent
variables, internal energy e and density p. Although the calling sequence
has been altered in order to transfer e to the modified RGAS subroutine,
the logic and other features of the original RGAS subroutine have been
retained. The modified subroutine requires new cubic coefficients for
e and p entry. A short program was written to generate and store the
coefficients on tape for air. In order to understand the method of
generating the new coefficients and their use in the modified subroutine,

a brief discussion of the original RGAS subroutine follows.

Original RGAS Subroutine

Version I of the original RGAS program for real gas calculations
is based on the gas properties determined by Bailey1 for temperatures
up to 45,000 °k and densities from 10-7 to 103 amagats. These properties
were used to generate 13 files of information on a tape for use in deter-
mining the thermodynamic properties (a,h,T, and s) of 13 different gas
mixtures. Each file on the tape contains the cubic spline fit coefficients
along with the lowest value of the independent variable F, for each interva
on the 11 constant density lines (Rj = log10 p/po =-7.0, - 6.0, .....,
+ 3.0; j=1,11). F varies between zero and FM (the maximum value of F)
and is defined by

log,, (p/p,) - log,, (p/p)) - B

1+ E log10 (p/po) + D [log10 (p/po)]




where B, D, E, FM, P, and p, are known constants for each gas.

Subroutine RGAS calls subroutine SERCH which uses F to locate the
cubic coefficients required for the calculation of the thermodynamic
properties. For example, if h 1s to be determined with p and p known,
then R is first calculated (R = log10 p/po) to determine the two adjacent
Rj lines. Once F is found from Eq. (1), the two sets of cubic coefficients
can be located for each Rj line. With these coefficients, the values of
h on the two Rj lines are calculated from
3

2
1 a1 + blF + ch + le

(2)
2 4 d2F3

=2
]

=2
]

a, + sz + c

2 2

allowing h to be found by linear interpolation:

h =h + (h2 - hl)(R - Rj) €))

The method is illustrated in Fig. 1.

h‘ Ri'”
h, /R—loawp/oo
h - J

Fig. 1. Calculation of enthalpy.



Generation of Cubic Coefficients for Modified RGAS

In order to use e and p for the independent variables, it was
necessary to generate new cubic coefficients for every e interval such

that
F =a+ be + ce2 + de3 . %)
This was accomplished by subdividing each F interval of the enthalpy

curve into three equal parts as shown in Fig. 2 where Fi = F1 + ipAF/3,

i=0,1, 2, 3.
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Fig. 2. Subdivision of F interval on enthalpy curve.



Equation (1) was then solved for the four values of p.
My
p; = P, (10) i=1,2,3,4 (5)

where

n, = F, {1 + E loglo(p/po) + D[loglo(p/po)]z} + 1og10(p/po) + B

The internal energy e, was found using the definition of enthalpy

e, = hi - pi/p i=123,4 (6)

with hi determined using the original RGAS subroutine knowing 1 and p.

Each value of F can be written as

2 3
F, = a+ bei + ce " + dei i=1,2,3,4 )
or in matrix notation
S I 2 3] [
Fl 1 e1 el el a
2 3
_ _ N F2 1 e2 e2 e2 b
F = Mx, where F = s, M = x =
F 1 e e 2 3 ’
3 3 3 e3 [
2 3
F
- 4J _1 e4 e4 e4 ] _dj

(8)



An IBM library subroutine GELG was used to solve the system of four
equations for a, b, ¢, and d for each F interval and all eleven constant
density lines. These coefficients along with the initial values of the e
intervals (el's) were stored on the tape in File 14. A listing of the
program which generates the coefficients appears in Appendix A.

The curve generated for F = F(e, p) is shown in Fig. 3. The maximum
values of e allowed for each of the density ratios are given in Table 1

and plotted in Fig. 4.

Table 1. Maximum values of e for each density ratio

olp, 1007 10% 107% 10% 107 102 10! 100 10! 102 10°

2
em‘x(IO)-8 [f—tz] 43,27 42.66 39.39 32,72 25.40 19.79 17.15 13.40 9.864 7.440 5.878
sec

Modified RGAS Subroutine

The argument list of the calling sequence for the modified RGAS
subroutine is located in Appendix B. An e, p entry is accomplished by
setting the calling argument NTEST equal to 1, which signals a tape read
of the newly calculated cubic coefficients. NTEST equal to -1 and O are
still reserved for the original RGAS subroutine to make real gas and perfect
gas calculations, respectively. For the known p, subroutine SERCH uses
e to locate the two sets of cubic coefficients needed to calculate
3

2
F1 = a1 + ble + cIe + dle

(9

i
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a

2 3
2 9 + b2e + c,e + d2e
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As illustrated in Fig. 5, a linear interpolation similar to Eq. (3) gives

F=Fy+ (F2 - Fl)(R - RJ.) (10)
FA
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Fig. 5. Calculation of F.

With F known, p can be determined from Eq. (5). The logic of the original
RGAS subroutine is then used to determine the other thermodynamic properties
requested through the argument code NUMX. A listing of the modified RGAS
subroutine is given in Appendix C.

Estimates of the accuracy of the modified RGAS subroutine were
obtained by entering with e and p data to determine p and subsequently

h from

h=-e+ p/p (11)
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For comparison, h was also calculated from the original RGAS subroutine
using the newly determined p and p from above., 1083 comparisons were
made of these two values of h, The numbers in the first line of Table 2
are percentages of compared values with errors greater than the given
value. The second line contains percentages of the 2624 comparisons made

by Lomax and Inouye2 between the original RGAS subroutine and the data

by Baileyl.
Table 2., Accuracy of Modified RGAS.

Error 0.5% 1% 2% 3% 4%, 5% 10%
Modified RGAS 13.30 4,80 0. 37 0.09 0 0 0
Original RGAS 5.04 0.45 0 0 0 0 0

SIMPLIFIED CURVE FITS FOR EQUILIBRIUM AIR

Simplified curve fits for the thermodynamic properties of equilibrium
air have been constructed for use in either the 'time-dependent" or
"shock-capturing" computational methods. For the 'time-dependent" method,
correlations were developed for p = p(e,p), a = a(e,p), and T = T(p,p)
while for the ''shock-capturing' method a correlation was made for h = h(p, p
The ranges of validity for these correlation formulas are the same as the
NASA RGAS subroutine, namely, temperatures up to 45,000 %% and densities
from 10_7 to 103 amagats.

The simplified curve fits developed here allow the user to reduce

computer time and storage while maintaining reasonable accuracy. This may

be particularly true in the "time-dependent" method since the simplified
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curve fits could be used until near the end of a calculation when the
steady-state solution is approached. Then, the modified RGAS subroutine
could be used to give more accurate thermodynamic properties for the
final steps. Substantial savings in computer time may also result in the
"gshock-capturing' method since an iterative procedure involving h = h(p,p)
is required for equilibrium calculations,

The curve fits for p = p(e,p) and h = h(p,p) were constructed using
Grabau-type transistion functions3 in a manner similar to Lewis and Burgess4
and Barnwells. A transistion function of this type can be used to smoothly
connect two surfaces fl(x,y) and fz(x,y). For y = constant, the Grabau-type

transistion function (with an inflection point) becomes

fz(x) - fl(x)
1+ exp [K(x - xo)]

z = fl(x) + (12)

where K is the parameter which determines the rate at which the curve
moves from fl(x) to fz(x) and X is the location of the inflection point

as shown in Fig. 6.

fz(x, Y)

y = CONSTANT

f‘(x, y)

W | = e o

o

Fig. 6. Grabau-type transistion with inflection point.
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For the present curve fits, two Grabau-type transistion functions

were joined with the equation for a perfect gas as shown in Fig. 7.

h .
‘ p= CONSTANT

UPPER CURVE
(GRABAU-TYPE TRANSISTION FUNCTION)

MIDDLE CURVE
(GRABAU-TYPE TRANSISTION FUNCTION)

LOWER CURVE (PERFECT GAS)

o

P
Fig. 7. Correlation curves for h = h(p,p).

In addition, the range of the independent variable p was subdivided into
three separate regions with different coefficients being used in the curve
fits for each region (See Fig. 8.) The division lines are located at

plp, = 5 x 107 and p/g_ = 0.5,

The coefficients for fl(x,y) and fz(x,y) were determined using a
least squares best fit computer program in conjunction with the original
NASA RGAS subroutine. The selection of the form of the equations for
fl(x,y) and fz(x,y) was largely a trial-and-error process. By including
more terms, a better curve fit could be achieved. In fact, if a sufficient
number of terms are retained in fl(x,y) and fz(x,y), the accuracy of
these curve fits can be made to approach that of the RGAS program but

without any savings in computer time.
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Fig. 8. Division of curve fit range by density.

For the correlation of p = p(e,p), the ratio ¥ = h/e was curve-

fitted as a function of e and p so that p could be found from
p=ope(y - 1) (13)
This equation is derived directly from the definition of enthalpy.

Barnwell5 has derived the following expression for the speed of

sound:

_ =5 - -1 _
o/p = 5x10° po/p =5x10 o/,
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In the present study, it was found that a much better correlation for

a = a(e,p) could be obtained from

~ ~ 1/2
= 5 - v —¥ 3y
a [e [Kl + (y-1) l:'y+ K, <a 1°gee>p] + K, (a 1ogep) e”

(15)

where the coefficients K K2, and K, were determined using the least

1’ 3
squares best fit program in conjunction with the NASA RGAS program. The
curve fit for T = T(p,p) uses a Grabau-type transistion function without
an inflection point4 for the upper curve and a non-Grabau-type function
for the middle curve.

For the correlation of h = h(p,p), the ratio‘v = h/e was curve-

fitted as a function of p and p so that h could be found from

h = (p/p) <=73L ) (16)
y -
This equation was derived from the definition of enthalpy.

The equations for all the present curve fits appear in Appendix D.
The calling sequence and listing of the subroutine TGAS to find p = p(e,p),
a = a(e,p), and T = T(p,p) and the subroutine TGAS to find h = h(p,p)
appear in Appendix E and F, respectively.

Comparisons of the relative accuracy of the curve fits for p = p(e,p),
a = a(e,p) and T = T(p,p) with the original RGAS subroutine are shown in
Figs. 9, 10, and 11. 1Included on these graphs are the curve fits by

Barnwells. It should be pointed out that the limits of applicability of



15

the Barnwell curve fits for p = p(e,p) and a = a(e,p) are 10—45 p/po < 10
and e/e° < 565. The limits of applicability for T = T(p,p) are 6 X 10-2
< p/po < 20 and 10-3 < p/po < 10-1. A comparison between the present curve
fit for h = h(p,p) and the original RGAS subroutine is shown in Fig. 12,
The deviations between the curve fits for p = p(e,p), a = a(e,p), T = T(p,p),
and h = h(p,p); and the original RGAS subroutine are plotted in Figs. 13,
14, 15, and 16. 1In order to make the comparison for p = p(e,p) the following
procedure was used., First, e and p input data was supplied which allowed
TGAS to compute p = p(e,p). Then, this p and the original p were inmputed
into RGAS to give h and subsequently e from the definition of enthalpy.
This e was compared with the original e to determine the accuracy of the
curve fit for p = p(e,p).

A comparison of the relative computer times required for the TGAS
subroutines and the NASA RGAS programs are given in Table 3. The TGAS

subroutine for finding p = p(e,p), a = a(e,p), and T = T(p,p) is approximately

Table 3. Comparison of computer time.

Number of
Curve Fit Data Points TGAS RGAS
P = p(e,p)
a = a(e,p) 508 1.434 sec 3.535 sec (0-1) includes tape read
T = T(p,p) 2.367 sec (2-508)
5.902 sec
2.434 sec (0-1) includes tape read
h = h(p,p) 464 1.035 sec 1.765 sec (2-464)
4.199 sec
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657, faster than the modified NASA RGAS subroutine. This comparison does
not include the time spent by the RGAS subroutine in reading the tape,
The TGAS subroutine for finding h = h(p,p) is approximately 717 faster
than the original RGAS program, again excluding the tape read time., If
there are not more than a few hundred calls made to these real gas sub-
routines, then the TGAS subroutines are substantially faster than the
RGAS subroutines when the tape read time is included. For instance, if
there are 500 calls made to the subroutines to find p = p(e,p), a = a(e,p)
and T = T(p,p), then TGAS is 3177 faster than the modified RGAS subroutine.
Comparisons of the values obtained using the curve fits at the
juncture points A and B (See Fig. 7) are shown in Table 4. The maximum
deviation between the curves at the juncture points for the primary
variables p = p(e,p) and h = h(p,p) is 1.1%.
Additional work is being conducted to improve the accuracy and
computation times of the simplified curve fits developed in this study.
In particular, it has been found that a substantial improvement in accuracy
without much increase in computer time can be achieved if four instead of
two Grabau-type transistion functions are joined with the equation for a

perfect gas as in Fig. 7.
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Table 4. Comparison of variables at juncture points.
Density Point A Point B
Curve Ratio
Fit P/, Lower Curve Middle Gurve { Middle Curve Upper Curve

102 1.400 1.399 1.244 1.243
107 1,400 1.400 1.228 1.225
10, 1.400 1.401 1,209 1.207
10 1.400 1.401 1.189 1.190
- pe.) 107, 1.400 1.403 1.168 1.172
L 10 3 1.400 1.407 1.160 1.158
107, 1.400 1.408 1.151 1.143
107, 1.400 1.407 1.139 1.127
107] 1.400 1.407 1.150 1.163
10, 1.400 1.411 1.151 1.156
10 1.400 1.410 1.149 1.149
103 4429 438.3 326.8 3247
107 442,9 440.1 313.7 309.,2
10, 442.9 440,9 298.4 293.6
10_, 442.9 440.9 281.1 277.8
a = ace,p) 107, 442.9 442.3 261.7 261.7
' P 105 442.9 445,0 256.0 251.2
107, 442.,9 446.1 248.6 239.6
107, 442.9 445.6 239.4 226.8
1077 442,9 447.0 241.4 251.5
107 442.9 450.5 244.9 244.9
10 442,9 450.6 244.8 238.1
102 1870.0 1885.0 17039.0 16384.0
103 1871.0 1868.0 13772.0 13818.0
10, 1862.0 1838.0 11450.0 11600.0
10, 1843.0 1797.0 9727.0 9697.0
T = T( ) 10_2 1849.0 1863.0 8503.0 8629.0
Psp 10 5 1823.0 1815.0 7615.0 7850.,0
10, 1783.0 1752.0 6815.0 7029.0
107, 1730.0 1677.0 6030.0 6162.0
107, 1721.0 1718.0 5435.,0 5628.0
10, 1689.0 1650.0 4965.0 5143.0
10 1620.0 1543,0 4723.0 4699.0
102 1.400 1.396 1.267 1.266
107 1,400 1.39 1.251 1.251
10, 1.400 1.39 1.234 1.236
10_, 1.400 1.395 1.217 1.218
h = hep, o) 107, 1.400 1.395 1.191 1.197
’ 1073 1.400 1.396 1.171 1.183
10, 1.400 1.397 1.150 1.158
10_, 1.400 1.399 1.130 1.130
10, 1.400 1.401 1.116 1.119
10 1.400 1.404 1.105 1.105
1077 1.400 1.406 1.093 1.091




18

*(@¢s)d = d 107 s3TT 9AinD Fo uostaedwo)d ‘g 814
°d/d ‘O11vY 2UNSSIU
X X L X oLx1
vo..x L No_.x L L Nno— L .vno_ l o-o i g-
_ _ _ | _ _ | [ I | ! | _ To_x l
—l —
=
p4
g _W
— _.o—x l m
y4
=
, —S Q
—,0tx1 <
A x
L
oL o1 ¢ o
€z ol L
5% ol J ~o1x1 3
1SYOY YSYN £- °®
F T1IMNYVE  + -1
TIIHINNYL ©




*(d‘9?)e = ® 103 S31F 9AINO jJo uosTaedwo) °Qf °*3B1d

°d/d ‘O)11v¥ 33NSSTVd

19

X
yOLX L No: 1 N-o_ X1 v-o_x L _OLx | _olx |
T T 1 T T T T T To,x l
T1IIMNYVE + ©
TIIHINNVL o iy
SVOY  VYSYN — o
Q
l—. wn
0]
cC
Z
lw)
—6 W
=
—otxtL O
ﬁ
OD




20

*(d€d)1 = 1 I03 S3TF 2aAInd 3O uostaedwo)d 1T °S1d

°d/d “OiLVY JYNSSIU

X X X X
.vo_.x L NO—,x L l NnO— L vlo— l olop l mlo_. i
T I I I I I | [ I [ _ I _.lo—x L
TTIMNYVE +
TIHINNVL1 o
SvOYd VSVN — ¢ =
Z
-1 o
=
>
ot
C
m
g W
=
l—o_.x L :O
—
U
o
-9
£




21

*(d¢d)y = y 10 s31F 2aINd jo uostaedwo)d °2T °*81d

(o]
d/d ‘O11vYd 3¥NSST¥d

X X X X X1
LOLX L L% 1 L L 01X | ,0Lx | g-OL% | g-0!
_ I _ _ _ I _ _ _ T T _ _ | OL% L
THINNYL o —s
SVOY  VSYN — Hh o
pr]
=
—Hotx 1 3
5
lm p—
—,01x1 O
N = g
N
>
Ol ol ool _. |mt£o
- _. . —
108 0L ol ot - . e
g-"" 9.0 0L = d/d




-(d2)e = B 10J SVOL PUE SVYOM U9MIDq SdULILIITP °8eIusdidd  “yI 814

°d/d ‘Ol 1V 3¥NSSIUG

22

X X X X
vop l No—x_ L N|o_x L To_ L ouo_ 1 muo_ L m
| I ! _ _ _ I _ [ I [ _ 0
. m
—00°91- umv
o T
AN > >,/\> /r\.{C><> A ><a> A -~ doo'0 ©
S 5
D T e
=% oL Z
mo_ _o_ To_ m..o_ mno_. n..o_u / — 00°91 o)
z
>
*(d2)d = d 103 SYHL pue SYDY USIMISq IOUSASIITP o8ejueoaag °*g¢l 314
o
d/d ‘O1LVY 34NSSI¥d
X X X X
vo_ L wo_ L L Nuo_ l v-o_ L _oLtx1 m:opx_
] | | 1 | [ [ | I I |
|IOO..0._...
Al Al o

3 NI 3DN3¥34410 IOVINIONAd



23

*(@¢d)y = Yy x0J SVIL Pue SVII uooMlaq OOUdAIITP a8e3juedaad

°d/d ‘OlLvY F¥NSSTAd

*91 °814

X X X
Mg L oLx 1 L 2-0L% 1 oLX | o-o— L m-o:: ~
T _ _ _ _ _ T T I T _ 1 . m
—~00°9L - 3
doneg - 3
\/> > \ >/> o 2
~ ™ > /AN lane m
=
o
* —00°91 Z
! = a d m
¢! 0L 10! g-0l m-o_ (oL =19/ z
>
*(d¢d)L = 1 103 SVOL pu® SVDY UdS9M3Iaq 2ouoa9JJFp °8ejusdadd °SGI *314
[o]
d/d ‘OlLvY 3¥NSSTUd
X X X X

vo_ | No_ 1 L z0L% 1 q-o_ 1 ?o_x L g-0L% | m
_ _ _ _ [ T _ T l T T o
. m
—00°9L - Z
—00°8 - w
m
\q < =
/I\ ,\ Joo's 3
Z
o —H00°?l &

d /0
mo_ oL O m-o, m-o_ / / m
Z
-




24

REFERENCES

Bailey, Harry E., "Equilibrium Thermodynamic Properties of Carbon
Dioxide,'" SP-3014, 1965, NASA.

Lomax, H. and Inouye, M., "Numerical Analysis of Flow Properties
about Blunt Bodies Moving at Supersonic Speeds in an Equilibrium
Gas," TR R-204, 1964, NASA,

Grabau, M., "A Method 6f Forming Continuous Empirical Equations for
the Thermodynamic Properties of Air from Ambient Temperatures to
15,000 °K with Applications," TN-59-102, 1959, AEDC.

Lewis, C. H. and Burgess, E. G., "Empirical Equations for the
Thermodynamic Properties of Air and Nitrogen to 15,000 oK,"
TDR-63-138, 1963, AEDC.

Barnwell, R. W., "Inviscid Radiating Shock Layers about Spheres

Traveling at Hypersonic Speeds in Air," TR R-311, 1969, NASA.



APPENDICES



APPENDIX A

Program for Generating Cubic Coefficients
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DIMENSION FUG)Y 3 EF(4) gV 4a9a)yUla,4),FPLA)PLA)yNTTLLL),EXT{L142)
DINMENSICN  ACT114922)9A1 011,220 4A2011422)9A3111,22),EEE(1L1,22)
DIMENSION TZ(300C)C{T) ¢NCZIBI) oNDLU4y11)9yNDU(4+11)
EQUIVALENCE (NDZNDL)Y» {NDZ{45) yNDU}
REAC(F9,201) wTMIXy{CIN) ¢yN=1+7)
REBAC(9,2C0) (NCZ{IN),N=1,89)
AMM=NDZ(89)
REZC(9,201) {(TZ(N)yN=1,0NMN)
REWIND 9
WRITE(6,2030)
DO 120 N=1,E8
120 NDZIN) = S5*NDZ(N)
CONC = WTIMIX/28.566

PQ = 2116.

RO = 00245 8%CLNC

B = TZ{nHVMM=2)

E = TZ{NMM-1)

D = TZ(NMM)

FM = 2.1632 + ,3463%C0ONC
DU 1C0G NR =1,11

NL = NDL{2,NFK)

NU = NDU(Z24NR)

NT = ({NU=NL)/B) + 1

NTT{NR)= NT

WRITE(652011) ARGNTTINR)

RHC = RC*10.**(NR-3)

DO SC80 I =1,NT

ND = NL + 5%(I-1)

FMAX = TZ(NC + 5)

IF{I JEQe NT} FMAX = FM - ,00001

FL1) = TZIND)

F(2) = ((FMAX — TZING))/3.) + TZUIND)
FU3) = (FMAX = TZIND))I*(2./73.) + TZIND)
F{4) = FMAX

DO 8GO J=1,4
PlJ) =PO*L0*%(F(J)F(1,+EXALOGIO(RHO/RO)I+ DR{ALCGLIO( RHO/RO) ) ¥%2 )
1 +ALCGLIO0{(RERC/RTC) + B)
CALL RGAS{PUJ) +RFGsAyH Ty SyRRyGy—14242)
EE({J)= H - P(J)/RHO
800 CONTINUE
WRITE(6,2010) (FIK)sK=194) o {FE(K)yK=1,4)
DO 20 J=1,4
DO 10 K=1l,4
VIKed) =FE(K)**(J-1)
10 UlKyd) = VIKyJ)
20 CONTINUE
EPS = .{0C001
CALL CELG(F4Vy4,y14,EPS,IER)
IF{IER)50,6C,50
50 WRITE(6,2020) IER
DO 70 J=1,4
SUM = C.
DO 80 K=1,4%
80 SUM = SUM + U(J.K)* FI(K)
70 FP(J)= SUM
ARITE(6,2022) FPLL)+FP{2)4FPI{3)+FP{4)
60 WRITE(692023) FL1)4F({2)F(3)4F(4),EE(L)

AC{NR,I) = F(1)
ALINR,1) = FI(2)
A2INR,I) = F(2)
A3(NRyI) = F(4)



300

1000

41
42

2

43
44
200
201
2010
2011
2020
2022

2023

2030

EEE(NR,I) = FELL1)
CONTINUE

EXT(NR,1) = EEE(1,1)
EXTINR,2) = EE(4)
CONTINUE

REWIND 9

WRITE(6444) (EXTINRy 1)y MR=1411) o (EXTINRy2)yNR=1411)+BsE,DyWTMIX
WRITE(10944) {EXTUNRy 1) s NR=1411) 4 {EXTINR2}INR=1411)+BsEsDyWTMIX
NDZILl) =1

NSAVE = 0

DO 22 11=2,11

NDZUII) = NTT{II-1) + 1 + NSAVE

NDZ(ITI+10) = NTT{II-1) + NSAVE

NSAVE = NCZUII+1C)

CONTINLE

NDZL22) NTT(11) + NSAVE

NDZ2{(23) 5%*NCZ2(Z22)

WRITE (642) (NBZIN)yN=1,23)

WRITE(1092) (NCZIN)N=1,23)

DO 42 1=1,11

NT = NTTH(I)

DO 41 J=1,NT

NRITE(10443) ACUI J)9ALIT )4 A2(1,J) A3 (T4Jd)yELELT,J)

WRITE (6,43) AQOUL,J)eAL(T40),A201,J)4A3{1,J)sEEE(T,4J)

CGANTINLE

FORMAT (1€18)

FORMAT(HE16.8)

FGRMAT(6E16.8)

FORMAT (1618}

FORMAT (8£16.8)

FORMAT (BF15.7)

FORMATLLH 45Xy 'NR=1,15, 15X, 'NT=1,15)

FORMAT(1H 43X, "IER=1,14)

FORMAT{LH 44Xy 'FPIL)=" 1 E15. 795X FP{2)=1,E15.745X,'FP(3)=',E15.7y
1 5Xe*FP{4)=",E15.7)

FORMAT(IH 44X 'AC=Y3F 1547 95Xy "Al=? yE14.T795Xy"A2=" ,EL5.7,5X,'A3=",
1 ELSaT7 45Xy "E(1)=",E1C.7)

FORMAT (IHL 34X o' F L)' 913Xy FL2) 311X FU3}, 11X, *F{41',11X,"E(L1) ",
1 LIXe'E(2) 11X, YE(3) ", 11Xy E(4A)")

STCP

ENC

//GOLFTOSFOOL ©U UNIT=TAPET7,VOLUME=SFR=T2145,0ISP=(CLD,KEEP}, X
/7 [CB=(DEN=1 TRTCH=ET ,RECFNM=U,RLKSIZFE=132),LABEL=(2,NL)



APPENDIX B

CALLING SEQUENCE FOR MODIFIED RGAS

The modified RGAS subroutine is called by the following statement

CALL RGAS(P, R, A, H, T, S, RR, G, NTEST, NUMX, NGAS, E) with

NGAS

= Pressure lb/ft2

P
. 3
R = Density, slugs/ft
A = Speed of sound, ft/sec
H = Enthalpy, ft2/sec2
T = Temperature, oR
S = Entropy, ftz/sec2 - °r
= Gas constant, ft2/sec2 - °r
G = Ratio of specific heats
R 2 2
E = Internal energy in ft /sec
NTEST = - 1 enter with P,R or P,S data for real gas
= 0 enter with P,R, or P,S data for perfect gas
= 1 enter with E,R data for real gas
NTEST = -1 or O NTEST = 1
=1 1Input = P, R, RR, G E, R, RR, G
Output = A P, A
=2 Input = Same as NUMX = 1 Same as NUMX = 1
Output = A, H P, A, H
=3 Input = Same as NUMX =1 Same as NUMX = 1
Output = A, H, T P, A, H, T
=4 Input = Same as NUMX = 1 Same as NUMX = 1
OQutput = A, H, T, S P, A, H, T, S
=5 Input = P, S, RR, G
Qutput = R, A, H, T

File number on permanent tape which contains desired gas.
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Listing of Modified RGAS
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SUBROUTINE RGAS(PXsRXyAXeHX9TXySXsRRXsGXsNTESTy NUMXyNGAS,EX)
DIMENSION NLLI{10),JXX(10),DZZ(10),7Z(3000),NDZ(89)
DIMENSIGON THI5,6CC) s NOL(4y11)yNDU(4,11)4AN(4),C{T),ANR(17),BNI(4)
DIVMENSICN TTZ(750)yNNCZ123)+DH(54+150)EXT(11,2)
EQUIVALENCE(TZ,TH),{NDZ NDL),INDZ(45),4NDU)4+(TTZ,DH)
FIRST = 1.0
DATA KEYsNTIMES/C,0/
DATA WORD1,WORD2/4HNUMH 4 4HNUML /
DATA NFIRST/0/
DATA NTAPE/S/
DATA MFIRST,MTIMES/0,0/
164 KEY=KEY+]1
P=PX
S = SX
R=RX
NUM=NUMX
IF(ANUM) 1,1,2
IF (NUM=5) 33,4
WORD=WORD1
WRITE(€,5) WORD
FORMAT{12H0 ER IN RGAS,2X,A4)
CALL EXIT
WORD=WORD2
GG TO 6
IF (NTEST) 7,8,500
500 E = EX
IF(MFIRST.GT.0) CC TO 531
REAC(10,459) (EXT(NR1) yNR=1,11),{EXT(NR,2)yNR=1511)4+BsELl+DyWTMIX
499 FORMAT(6E16.8)
REAC(104501)(NNCZ{N)sN=1,23)
501 FORMAT(1¢£18)
NNMM=NNDZ {23)
REAC(10,502){TTZ{N) N=1sNAMM)
502 FORMATI(5E16.8)
END FILE 10
REWIND 10
DG 503 N=1,22
503 NNDZ(N)=5*KNDZIN)
CONC = WIMIX/28.%66
PO = 2116.
RO = +0024S8%CONC
531 R = ALOG10{R/RC)
IF(R) 51245124513
512 NR = R-1].
IF (INR+7)516,516,4 515
516 NR = ~17
GO TO 515
513 NR = R
IF INR-3) 515,514.514
514 NR = 2
515 DX = R — FLCGAT(AR)
NR = NR + 8
IF(E.LT.EXTINRs1)) GO TC 521
IF{E.GT.EXT{NR,2)) GO TC 519
525 NL =NNDZ(NR}
IF(NLL{9)-NL) 601,602,46C1
602 J = JXX{9)
DIFF2 = E — DH15,J)
IF(CIFF2) 6C1,6C8,608
608 IF{DZZ49)-ABS(DIFF2}) 6(1,601,603
601 NU = NNDZ(NR+11)

LS LB C LI o I S\ )



(@] OO0

[aNe]

603

606

609
605

607

521

519
520

523

200

201
1190

1200

120

Cc-2

CALL SERCH{EsDHyNLyNUy54J¢NER)

J = J/5
0Z2zZ(S) = ABS
JXX(9)1=J
NLL(S) = NL

(DH{E,J+1) — DH{5,J))

NL = NANDZ(NR+1)
IFINLL(10)}-NL) €C5+6064 €0°

K = JXX({1C)

DIfF2 = & — DH(5,4K)
IF(DIFF2) €05,6CS,609
IF{DZZ11C)~-ABS(DIFF2)) 605,605,607

+ 1¢)

CALL SERCH{EsCHyNLyNU,5,K,NER)

NU = NANDZ{NR
K = K/5
Dz2(10) =
JXX(10) = K
NLL(10) = NL

F1 = DH{1,J4)
F2 = DH(1,K)

ABS(DH(54K¢1l) = DHI5,K))

+ EX¥{OH(2,J) + E*(DH(3,J) +E*DH(4,J)))
+ E*{DH(2,K) + EX(DH{3,K) +E%DH(4,K))})

F = F1 + DX¥(F2-F1)
PX= PO*10.#*(F*{1.+EL¥R +D¥R*R) +R +B)
IF(E.LT.EXTINRyL)) PX = RXXEX¥.4

P = PX

R = RX

MFIRST = 1

GO TO 7

MTIMES = MTIMES + 1
WRITE{€,520) E

FORMAT{1K0,10X, *CUTSIDE TABLES IN RGAS ENTERING WITH E=*',E16.8)

WRITE(6,523)

RX

FCRMAT (48X,'R=",E16.8)

IF(MTIMES-10

) 52£4525,42%

IF {NFIRST-NGAS) 10,+9,10

NFIRST=NGAS

CALL LCCATE(NGASNTAPE)

FGR TAPE WRITTEN BY FORTRAN 2

REAC(D,201) WTMIX,(CIN) +N=1,7)

REAC (NTAPE)
READ(9,200)
FORMAT (1618)
NMM=NDZ{89)

REAC (NTAPE)
READ(9,201)

(NC2I{N)sN=1,89)
(NDZ({N)yN=1,8%5)

{TZIN) s N=1 NMM),WTMIXy, (C(N)N=1,T7)
(TZ('\),N=11f\M") ,X,X,X,X,X,X.X,X

FORMAT {8E16.8)
REAC(9+¢201yEND=1203) X X9 XsXeXeX9X9X

GO T0 119¢C
COANTINUE
REWIND S

DO 120 N=1,88

NDZ{N}=5%NCZ

{N)

CONC=WTMIX/28.566¢

PO=2116.

R0=400249€E%CCNC
RRR=1716./CGNC

RRX=RRR

RTC=RRR*4G3, €35

SQPORO=SQRT
B=TZ(NMM=-2)

{RO/PC)
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D=TZ(NMM)
FM=2.1632+.3468%CONC
AA=C%*FM
BB=E*FM+1.
CCC=B+FM
S P=ALCG10(P/PQ)
E=TZ{NMM—-1)
GO TO (403540+40+40+3194+4+4)4NUM
31 REAL=S/RRR
GG=(REAL=CI{L)-C{Z)*P)/IC{2)+PX{C(4)+P*C(5)))
110 R=C{6)*GG+C{7)*P
RL=P-8B
CC=CCC-P
RH=—CC*(1.+AA*CC/(BB*EB))/BB+.005
IF(RH+17.,)183,185,185
183 RH=-T7.
185 IF(R~RH) 180,181,181
180 R=RH
181 IF(3.-RL} 184,18¢,18¢
184 RL=3.
186 IF{RL-R) 182,163,163
182 R=RL
163 NUMB=0
NIMXx=0
35 NUMM=5
NBCT=9-NUM
NUP=NBOT
GO TO 42
40 R=ALCG10(R/RO)
NUMM=5
NBCT=1
NUP=NUNM
42 CONTINUE
IF(R) 12,12,13
12 NR=R~-1.
IFINR+T) 16416415
16 NR=-7
GO TO 15
13 NR=R
IF (NR-3) 15,14s14
14 NR=2
15 DOX=R-FLOAT (NR)
NR=NR+8
F=(P-R-B)/{1l.+R*{E+D*R})
IF (NUMM—9+NUM) 22,162,22
162 IF(F~.C00001) 27,161,4161
161 IFIFM-F) 44,22,2:¢
22 DO 17 N1=NBGT,.NUP
IF{N1-NUMM) 3¢€,81,36
36 NERL1=N1
NERZ2=N1+4
NL=ADL {N1,NR}
IF (NLL{NERL1)-NL) 3014302,301
302 J=JXX(NERI1)
DIFF2=FTH(5,J)
IF(DIFF2) 3C1,3C6,308
308 IF{DZZ(NERL1)-ABS (DIFF2})) 301,301,303
301 NU=NCU{N1,NR}
CALL SERCH(F,THyaNLsNU+»54JyNER)}
J=J/5
DZZINER1)=ABS (THI(5,J+1)-THI(5,J1))



303

306

309
305

307
128

81
17
51
124
123
122
121

52
108

39

37

38

43
82
85
141
150
151
86
153

142
102
143

83

126

JXX{NERL)=J

NLL{NERL)=NL

XYZ=XYZ

NL=NCL{N1,NR+1)

IF (NLLINER2)-=NL) 305,306,305
K=JXX{NER2)

DIFF2=F-TF{5,4K)

IF(DIFF2) 305,309,309
IF{0ZZ(NER2)-ABSI(DIFF2)) 205,305,307
NU=ANDBU {N1,NR+1)

CALL SERCHI{F,TH+NLeNU,5 K NER)
K=K/5

DZZINERZ2)=ABS (TH{(54K+1)-TH(5,K))
JXX{NER2) =K

NLL (NERZ2)=NL
YI=TH(LyJ)+F5(TH(243J)+F*{TH(34J)+F%TH(4,J)))
Y2=Th{1yK)}+FXx(TH(2,K)+F*{ TH(34K)+F*TH(4,K)))
AN{N1)=Y1+DOX*(Y2-Y1)

GG 10 17

AN (N1)=REAL

CONTINUE

IF{NUM-5) 51,52,52

GO TC (1219122912391 24912491244124,124) 4NUM
SX=AN(4)*RRR

TX= AN(3)*1.8

HX=AN{2)*RTO

AX=AN{1)/SQPORC

GG TQ 109

IF (NUMM-9+NUM) 39,108,39
RX=RC*10,*%R

GO TC 51

DI FF=ABS ((REAL—-AN{NUP) )/REAL)
IF(DIFF-.CCO1) 27,3743 ¢

NU MNM=9-NUM

NBOT=1

NUP=4

GG TC 42

NUMB=NUMB+1

NIMX=NIMX+1

TF{NIMX=20) 43,y43,:44%
IF{NULMB—2)82,83,E4
IF{REAL-AN(NUP)) 85,37, ¢E6
R1=R

S1=AN(NUP)

R=R+.3

[F (RL—-R)15(C,6G,G¢

R=RL

R2 =R

L=C

GO TO 42

R2=R

S2=AN{NUP)

R=R—-,3

IF (R-RH) 142,102,102

R=RH

R1=R

L=1

GO TC 42

IF(L) G149C,91

S2=AN(ANUP)

R=Rz-(S2 —REAL)/{S2-S1)*{R2—-R1)



187

91
127

188

104

211

210

105
106

213

212

84

87

88

44
444

190
191

192
194

193
195
196
197
198

64

c-5

IF{RL-R) 187,993,653

R=RL

GO 70 63

S1=AN(NUP)

R=(REAL-S1 }/(S2-51)*{R2-R1)+R1
IF {R-RH)} 188+53,53

R=RH

IF{R2-R) 104,37 ,105
NUMB=1

R1=R2

S1=82

L=0

IF(R2+#.3-RL) 210,211,211
R2=RL

R=R2

GO TO 42

R2=R2+.3

R=R2

GO 1O 42

IF{R-R1)} 106,437,42
NUMB=1

R2=R1

$2=S1

L=1

IF (RH-R1+.3) 212,213,213
R1=RH

R=R1

GO TG0 42

Rl1=R1-.3

R=R1

GO TO 42

IF (REAL—-ANI(NUP)) 87,87,88
R1=R

GO 710 91

R2=R

GO TO SO

IF({F-.000001) 27+444+444
NTIMES=NTIMES+1
WRITE(6y150)
FORMAT(1HO 410X ¢36HOUTSICE TABLES IN RGAS ENTERING WITH)
WRITE(6,4191) PX

FORMAT (11X,2HP=,E13.6)

IF (NUM-5) 192,153,193
WRITE(E,194) RX
FORMAT(11X,2HR=E14.6)

GO TG 196

WRITE(6,195) SX
FORMAT(11X92HS=9E13.6)
IF(NTIMES-10) 105519741657
WRITE(6,198)
FORMAT{20X428HEXIT CALLEDC CN TENTH FATILURE)
GO TO 25

L=0

IF(GTEST-GX)} 64,441+64
GTEST= GX

Li=2

ANR({1)=RRX

ANR({2)=GX

ANR {3)=ANR(1)/(ANR(2)-1.)
ANR(4)=ANR{1)+ANRI(3)
ANR(8)=49(CCB.60S~ANR (3) *ALOG(171.6/.0001 *%*ANR(2))



26 ANR(L+5)=1./ANR(L+2)
ANR(L+6)=ANR{L+4)/ANR(L+1)
ANR(L+7)=ANR(L+6)}/ANRIL +2)

441 GO TO (4404440,440,44G,69,70,71,72),NUM

440 QUCD=P/R**ANR {L+2)
QUCT=P/R
GO TC(6516646T¢6E0691702T1572) 4 NUM

68 S=ANR(L+8)+ANR(L+3)*ALOG{CUID)

67 T=CUCT/ANRI{L+1)

66 H=GUCT*ANR(L+6)

65 LL=L+L1
A=SCRT (ANRILL )*GUOT)
60 TG 30

69 EX=S—ANR{L+8)
EX=EXP (EX/ANR(L+3))
R= (P/EX) **ANR (L +5)
QUOD=P /R¥*ANR [L+2)
QUOT=P /R
6o TC 67

70 R=P/{T*ANR(L+1))
QUCD=P/R*%ANR (L+2)
QUCT=P/R
S=ANR (L+8) +ANR (L+3) *ALCG{CUOD)
GO TO 66

71 ASSIGN 65 TC NJUMP

73 T=H/ANRIL+4)
R=P/ (T*ANR(L+1))
QUCD=P/R**ANR (L+2)
QUOT=P/R
S=ANR(L+8)+ANR(L +3) *ALOC(CUOD)
GO TC NJUMP,1€5,30)

72 ASSIGN 30 TO NJUMP
H=ANR(L+T7) #A%*2
GG TQ 73

30 AX=A
HX =+
TX= T
$X=5
RX =R

109 RETLRN
27 L=8
P=PX
R=RX
IF (GTESTR=GX) 24,441,424

24  GTESTR=6X
L1=9
22=R0/10.%*7
PR==7.+8
PR=PC*10, **PR
Z1=PR
DO 21 Nl=l,4
NL=ADL(N1,1)

NU=NCU{N1,1)
F=C.
CALL SERCHIFsTHyNLsNU,54JsNER)
J=4/5

21 BN(NLI=TH(1,J)
BN(1)=BN{1)/SCPORC
BN(2)=BN{2)*RTC
BN(3)=BN(3)%1.8
BN(4)=BN(4)*RRR



ANR(9)=PR/(Z2 *BN(3))

RR X=ANRI(S)

ANR{12)=BN(2)/BN (3)

ANR(10)=1.+ANR{9)/ (ANR{12)-ANR(3))
ANR(1L)=ANR{12)/ANR{10)
ANR{L17)=BN{1)*BN{1)*22/11
ANR(16)=BN{4)—ANR(11)*ALOGI Z1/Z2%*%ANR(10))

LAST =1

GC TO 26

ENC
//G0.FTOSFOO1
//
//GO.FT1ICFOO1
/7

CC UNIT=TAPET7,VOLUME=SER=T2145,DISP={0LD,PASS),
CCB={DEN=1y TRTCH=ETRECFM=U,BLKSIZE=132),LABEL=(2,NL)
CC UNIT=TAPET,VOLUME=SER=T2145,0ISP={NEW,KEEP),
CCB={(DEN=1, TRTCH=ET,RECFM=U,BLKSIZE=132) 4 LABEL=(14,NL)

X

X
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APPENDIX D

EQUATIONS FOR APPROXIMATE CURVE FITS

For the correlation of p = p(e,p), the ratio ¥ = h/e was curve-

fitted using the following equation:

a_+ a Y+ a,Z + a8(Y)(Z)

5 6 7

1+ exp(a9 + alOY + allz)

;'= a1 + a Y+ a

) 52 + 2, (Y)(2) +

(1)

where Y = 1og10(p/1.292) and Z = loglo(e/78408.4). The units of p are
kg/m3 and the units of e are m2/sec2. Once ¥ is determined, p(N/mz)

is found from

p=ope(¥-1) (D2)

The coefficients a5 8, «e-. @ are given in Table 5.

2 11

The correlation for a = a(e,p) is given by Eq. (15). The coefficients

K., K2, and K, are listed in Table 5.

1 3

The temperature is given by the following equations:

T = p/ (287 X p) Z < 1.30 (D3)
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exp[2.(RO - Y) - 3.4]
3 RO + 10,

1og10T = b, + bz(Y - RO) + b

1

(D&4)

2(zZ) - 2.18

+ b, [RO| 1.30 < Z < 2.6

where RO = log, (p/1.013 X 10°) + 2.42 and

- . (Y - RO)
logygT = ¢y + ¢,(RO) + cg(Y - RO) + ¢, § T 0FT50,25(7 =~ RO))J
(D5)
where RO = 0.941 log,((p/1.013 X 10°) - 1.97. Z> 2.6
. o . .
The units of T are K. The coefficients bl’ b2’ b3, b4 and cl, cz, c3, c4
are given in Table 6.
Table 6., Coefficients for curve fit T = T(p,p).
Density
range b by by b, ° °y °3 <4
Y > -0.50 -0.450363 -1.16372 -1.37558 0.000355 4.17976 0.083386 -0.673668 0,071504

-4.5<Y < -0.50} -0,022868 -1.03203 -1.02635 0.000441 4.17471 0.06272 -0,537628 -0,052594

-7 <Y < -4.5 0.113084 -0.994532 -0.970778 0.001902 4.12619 0.05437 -0.551836 0.051818
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For the correlation h = h(p,p), the ratio ¥ = h/e was curve-fitted

using the following equation:

d5 + d6Y + d7x + ds(x) (Y)

]
1+ exp(d9 + leY + d11X )

~

y = d1 + dZY + d3

X + d4(x) (Y) +

where X' = loglo(p/1.013 X 105) and X = X' - Y. The units for h are

m2/sec2. Once‘V is determined, h is found from
h= (p/o)Hy- 1) (D6)

The coefficients dl’ d2, cene d11 are listed in Table 7.
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APPENDIX E;

SUBROUTINE TGAS FOR p = p(e,p), a = a(e,p), and T = T(p, p)

The calling statement for this subroutine is

CALL TGAS(E, RHO, P, T, A)

with

E - Internal energy in m2/sec2
RHO - Density in kg/m3

P - Pressure in newtons/m2

T - Temperature in oK

A - Speed of sound in m/sec

The following logic can be employed when the English system of units is

used:

EI = E * 0,0929
RHO1 = RHO * 515.4

CALL TGAS (E1, RHO1l, P1, T1, Al)

P = P1 * 0,02088
T=T1%* 1,80
A=Al * 3,281
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with

Internal energy, ftz/sec2

E =
. 3
RHO = Density, slugs/ft
P = Pressure, 1bs/ft2
T = Temperature, oR
A = Speed of sound, ft/sec

Listing of TGAS for p = p (e,p), a = a(e,p), and T = T(p,p)



SUBROUTINE TGASUEjRHU,.P,T,A)
Y2= ALOG1O{(RHD/1.292)
I2= ALCGICIE/784C8.4)
IF{Y2 .GT. -.50) GO TO 14
IF{Y2 «GT. —4.50) GO TO 7
IF122.GT..65C)6G0 TO 1
GAMNM=1.400
SNCS&= E*.500
GO TC ¢4
1 IF(Z22.CT.2.02) GC T 2
GASLl= 1.3%3S7-,CC49197%Y2
GAS2= —.03146C8+.073328¢%Y2
GAS3= ,3GCE59-.257944%*Y2
GAS4= —.062716€-.,037T7134%Y2
GASS5= ,0049167+,0733248G%*22
GAS6= .257944—.0277134%22
GAST= EXP{-2.%722+.064%Y2+43,40)
GASE= -2.0
GASS= .364
GASl2= .11£520
GAS13= .1385¢2
GASla= -.00155424
GO 1C 3
2 GAS1= 1.38221-.0C069T761%\Y2
GASZ2= ,0651¢S76~-.0068208%Y2
GAS3= .322C%9-.C(54549%Y2
GAS4= ,113569-.0C3766T%Y2
GASS5= .Cl6S761-,006820B%22
GAS6= .0054549~.C0C37¢67%*12
GAST= EXP(-10.%722+.320%Y2+27.08)
GAS8= -10.C
GASS= ,.32¢C
GAS12= .242(7¢
GAS13= .023652C
GASl4= .CCT7608
3 GAS1IC=1./1{1.+GAST}
GAS11=(GAS2-(GAS4%¥ 72 ) %GAST*GAS1Q*%xZ
GANM=GAS1-GAS2*Z2-(GAS3-GCAS4*22)*GAS1O
GAME=2.,304%{—-GAS2+5A54*GAS10+GAS11%GAS8)
GANE= GAME*GAS1Z2
GAMR=2,304%{—CASES+5ASH*GASIO+GAS11*GASY9)
GAMR= GAMR*GAS]3
SNOSQ= E*[(GAMM-1.,)*{GANM+GAME ) +GAMR+GAS14)
4 A= SGRT{AES(SNCSC))
P= RHG*E*(GAMM-1.0)
IF(z2 .GT. 1.30) 63 TO 5
T= P/{287.*RHC)
GO TC 102
5 1IF(Z2 .GT. 2.6) CC TO 6
RO= ALCGLl0(P/1.013E+05)+2.42
T= .113084—,564522%{Y¥2=R0O)=.970778%{1./(RO+10) V*EXP (2 *((RO-Y2)
1-3,40) 1+,.CC19C2%(ARS{RQ) I ** (2, %72-2.18)
GO TG 101
6 RO= 0.G41%ALCGl0(P/1.012E+05)-1.970
IF tY2 .EQ. RC) CC TC 1CO
T= 4,12615+.05437C%R~.551836%{Y2-R0OI1+.051318%{Y2-RO)/ (1.0~
1LEXP(-5C.25%{Y2-R() )}
GG TC 101
7 IF(22.6T..650)60 793 8
GANMM=1,4CC
SNDSGQ= E*.56C
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GG 76 11
8 IF(22.GT.2.3)1GC 10 9

GAS1= 2.106C6~.C£25560%Y2
GAS2= -1,00142+.03202711*Y2
GAS3= 5.822(08~.,1322134%Y2
GAS4= ,2763814+.0C43623%Y2
GASS= .,0525560+.0302711%Z22
GAS6= .132134+.0043623%12
GAST7= EXP(-72+,0322%Y2+]1,8C)
GAS8= ~1.C
GASS= .032
GAS12= .147174
GAS13= .428416
GASl4= -.0L605
GO TC 10

9 GAS1= 1.5E645+.0656959%Y2
GAS2= .174538+.0354141%Y2
GAS3= .39C16T+.0455076%Y2
GAS4= 16€6556+.0242439%Y2
GASS= —.CG56959+,0354141%22
GAS6= —-.04550176%,0242435%12
GAST= FXP{~10.0%72+,320%Y2+27.08)
GASB= ~1C.0
GASS= ,320
GAS1l2= .259574
GAS13= -,162579%
GASl4= .C14277

10 GAS1G=14/(1.+GAST)
GAS11=(GAS3-GAS4*22)%GASTHCASLIO*%2
GANMN=GAS1-GASZ*72Z2-{GAS3-GAS4*72)%GAS10
GAME=2.304%{-CASZ+0AS4%CASIC+GASTI*GASS)
GAME= GAME*GAS1Z
GAMR=2,30U4*%(—GASS+CAS6*GASIO+GASTI1I*GASS)
GANMR= CAMR*CASI]S3
SNLSG= Ex((GAMM=1 )% (GAMM+GAME) +GAMR+GASTA)

11 A= SGRTUABS{SNDSQ))
P= RRU*EX(GAMN-1.0)
IF(Z2 .GT. 1.30} GO Tg 12
T= F/(287.%RHCI
GO TC 102

12 IF{22 .GT. 2.€¢) GC TO 12
RO= ALCGIC{P/1.013E+05) 42,42
T=-.022868-1.032C3%(¥2-RC)~1.02635%{1./(RO+10.) V*EXP (2% ({RO-Y2)
1-3.40) )+.CC044 1% {ABS(RO)) #%{2,%72~2.18)
GO T¢ 101

13 RO= C.S41*ALUGLO(P/14012E+D5)~1.G70
IF (Y2 JEQ. RC) GO TO 1CO
T= 4.17471+.0€Cc70%RO~2E3T0628%(Y2-RO)~,052594%(Y2-RO)/ (1.0~
LEXP(=-5C.28*%(Y2-R(}}}
GU 1C 101

14 IF(Z22.CT..€5C)16C 10 15
GANMN=1,40C
SNESC= E*.560
GO TC 18

15 IF122.CT.2.3)1GC 10 16
GASl= 1.8379-.0140959%Y2
GAS2= -,532783+,(3479G6%Y7
GAS3= 3.81752-.0571566%Y2
GAS4= .274508+4.04625115%Y2
GAS5= ,014(656+.C347996%12
GASE= JUSTISHE+.0425175*72



17

18

19

20

130
101
102
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GAST= EXP(~1.C#Z2+.032%Y2+41.943)

GASE= -1.0

GASS= .032

GAS12= .150553

GAS13= .189652

GAS14= —.CC33884

GO TG 17

GAS1= 1.53746-.(411865%Y2

GAS2= .151113-.0256504%Y2

GAS3= ,305574+.C(488375%Y2

GAS4= .135442+4.(145258%Y2

GAS5= .0411865—,0256504%72

GAS6= —.C488375+.0145256%72

GAST= EXP(—10,0%72+.320%Y2+27.08)

GAS8= -10.0

GASS= .320

GAS12= .1$8341

GAS13= .216819

GASl4= —.0Cléll5

GAS10=1./11.+GAST)

GAS11=(GAS3-GAS4#Z2) *GAST#GAS10%%2
GAMM=GAS1-GAS2%Z2-(GAS3-GAS4*22) %GAS10
GAME=2.304%(~GAS2+GAS4*GAS1C+GAS11%GASE)
GAME= GAME%GAS12
GAMR=2.,304%(-CASE+GAS6%CAS10+GAS11%¥GASS)
GAMR= CAMR¥GAS13 |
SNDSQ= E*((GANM—1.)*{GAMM+GAME) +GAMR+GAS14)
A= SCRT({APRSISNDSG))

P= RHC*EX(GAMM=1.0)

IF(Z2 .GT. 1.30) GO TG 19

T= P/(287.%RHC)

GO TC 102

IF{Z2 .G6T. 2.€) CO TG 20

RO= ALCGLC(P/1.013E+405)+42.42
T=~.4503€3-1.16372%(Y2-RC)~1.37558% (1. /{RO+10. ) V¥EXP (2. % ({RO-Y2)
1-3.4C) )4 ,000355% (ABS{RG) ) ¥#({2.%72-2.18)
GG TC 101

RO= 0.541#ALOGLO(P/1.012E+05)-1.S70

If (Y2 .EG. RC) GC TO 100

T= 4.17976+.0833864R0-. 6T3668% (Y2—ROI+.0T1504% (Y2=R0O)/ (1.0-
LEXP(=50.25%(Y2~RT)))

60 TG 101

T= 4.174+.063%Y2

T= 1C.*#*T

RE TURN

END
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APPENDIX F

SUBROUTINE TGAS FOR h = h(p,p)

ing statement for this subroutine TGAS is

CALL TGAS(P, RHO, H)

with

g
L]

RHO

=
I

The following

P1

RHO1

CALL

with

Listing

Pressure, newtons/m2
Density, kg/m3
Enthalpy, mz/sec2

logic can be employed when the English system of units is used:

P/0.02088

It

RHO * 515.4

TGAS(P1, RHO1, H1)

= H1/0.0929

- Pressure in lbs/ft2

- Density in slugs/ft3

- Enthalpy in ft2/sec2

of TGAS for h = h(p,p)
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SUBRCUTINE TGAS(P,RHG,H)
Y2= ALOGLO(RHG/14292)

X2= ALCGIO{P/1.013E+05)
3= Xx2-Y2.

IF (Y2 .6T. —.50) 60 10 6
IF (Y2 .GT. =4.5C) GO TC-3
IF(Z3 .6T. .250) GD 10 1
H= (P/RHC)#3.50

RE TLRN

IF (Z3 .GT. 1.40) GG TO 2
GAS1= 1.40168+.0(25690%Y2
GASZ= .0644343+,(229381%Y2
GAS3= —.0746105—a0148297%Y2
GAS4= —.151756+.C1876654Y2
GASS=EXP(—1C.C*XZ+10.31%Y2+9.0)
GO TC 9

GAS1= 2.04727+.115191%Y2

GAS2= .631€C1+.0S10350%Y2
GAS3= 1.00382+,114356%Y2

GAS4= o67i464+,0%42628%Y2
GASS5=EXP{=5.0%X2+5.5%Y2+8.5)

G0 TC S

IF{Z3 .6T. .250) GJ TC 4

H= (P/RHG)I%3.50

RETULRN

IF (Z3 .GT. 1.4C) GO TO 5
GAS1= 1.40668+.0036616%Y2

GAS2= .G53836+.C2C3305%Y2
GAS3= -,0675256—.0121158%Y2
GAS4= —.134637+.C235357%Y2
GASS=EXP({=10.0%X2+10.31%Y2+49.0)
GO TC §

GASl= 1.26133-.0E84646%Y2

GAS2= .0387273-.CE3395G%Y2
GAS3= ,183174-.CE74683%Y2

GAS4= .0T784110-.0555930%Y2
GASS5=EXP(=10.C%X2+11,0%Y2+17.0)
G0 T1C S

IF{Z3 «GT. .250) GO Tn 7

H= {P/RHC)*3.50

RE TURN

If (Z3 .6T. 1.40) GO Tn 8
GAS1= 1.40715+.0C20473%Y2
GAS2= 0472751+.0068224%Y2
GAS3= —,0414555+.0325854%Y2
GAS4= —.118581+,(C404860%Y2
GASS5=EXP{=10.0%X2+10.31%Y2+9,0)
GO T1C 9

GASL= 1.36830-.0(32924%Y2
GASZ= .103459-.0124481%Y2
GAS3= .341674+.C223219%Y2
GAS4= ,171891+.CC85432%Y2
GASS=EXP(—1G.0%XZ+11.0%Y2+17.0)

~ ~

GANMM=GAS)-GAS2*73-{GAS3-GAS4%23)/(1.+GAS5)

H= (P/RHO)Y*{GAMM/{GAMM=1.))
RETURN
END

NASA-Langley, 1972 —— 12



